The RET (rearranged-during-transfection protein) protooncogene triggers multiple intracellular signaling cascades regulating cell cycle progression and cellular metabolism. We therefore hypothesized that metabolic imaging could allow noninvasive detection of response to the RET inhibitor vandetanib in vivo. Methods: The effects of vandetanib treatment on the fullgenome expression and the metabolic profile were analyzed in the human medullary thyroid cancer cell line TT. In vitro, transcriptional changes of pathways regulating cell cycle progression and glucose, dopa, and thymidine metabolism were correlated to the results of cell cycle analysis and the uptake of 3 H-deoxyglucose, 3 H-3,4-dihydroxy-L-phenylalanine, and 3 H-thymidine under vandetanib treatment. In vivo, the tumor metabolism under vandetanib was monitored by small-animal PET of tumor-bearing mice. Results: Vandetanib treatment resulted in the transcriptional downregulation of various effector pathways with consecutive downregulation of cyclin expression and a G 0 /G 1 arrest. In vitro, vandetanib treatment resulted in the decreased expression of genes regulating glucose, 3,4-dihydroxy-L-phenylalanine, and thymidine metabolism, with a subsequent reduction in the functional activity of the corresponding pathways. In vivo, metabolic imaging with PET was able to assess changes in the tumoral glucose metabolism profile as early as 3 d after initiation of vandetanib treatment. Conclusion: We describe a metabolic imaging approach for the noninvasive detection of successful vandetanib treatment. Our results suggest that PET may be useful for identifying patients who respond to vandetanib early in the course of treatment. TheRET(rearranged-duri ng-transfection protein) protooncogene, located on chromosome 10q11.2, encodes for a tyrosine kinase of the cadherin superfamily that activates multiple intracellular signaling cascades regulating cell survival, differentiation, proliferation, migration, and chemotaxis (1). Gain-of-function mutations in the RET gene result in uncontrolled growth and cause human cancers and cancer syndromes, such as Hürthle cell cancer, sporadic papillary thyroid carcinoma, familial medullary thyroid carcinoma, and multiple endocrine neoplasia types 2A and 2B (2).
TheRET(rearranged-duri ng-transfection protein) protooncogene, located on chromosome 10q11.2, encodes for a tyrosine kinase of the cadherin superfamily that activates multiple intracellular signaling cascades regulating cell survival, differentiation, proliferation, migration, and chemotaxis (1) . Gain-of-function mutations in the RET gene result in uncontrolled growth and cause human cancers and cancer syndromes, such as Hürthle cell cancer, sporadic papillary thyroid carcinoma, familial medullary thyroid carcinoma, and multiple endocrine neoplasia types 2A and 2B (2) .
The signaling pathways downstream of RET are activated by autophosphorylation of several tyrosine and serine residues ( Fig. 1A) and regulate several genes involved in tumor progression (3) . Among other effects, activated Rac (Ras-related C3 botulinum toxin substrate) (4), STAT3 (signal transducer and activator of transcription 3) (5), Src (v-src sarcoma [Schmidt-Ruppin A-2] viral oncogene homolog) (5), Ras (v-Ha-ras Harvey rat sarcoma viral oncogene homolog) (6) , and PI3K (phosphatidylinositol-3-kinase) (7) each results in the upregulation of cyclin activity, which consequently leads to accelerated cell cycle progression (8) . Growth factor receptor-bound proteins 7 and 10 (Grb7 and Grb10) presumably contribute to the invasive cell potential (9) , whereas phospholipase Cg (PLCg) plays a central role in calcium signaling and cell survival (10) .
With its signaling network leading to neoplastic transformation, the RET protooncogene is a highly attractive target for selective cancer therapy. Vandetanib (zd6474; Fig.  1B ) is an orally bioavailable small-molecule inhibitor of the RET tyrosine kinase. It effectively inhibits the increased activity of ret as a consequence of RET/PTC3 mutations in papillary thyroid cancer and M918T RET mutations occurring in MEN2B-associated and sporadic medullary thyroid cancers (MTCs) (11) . The pharmacokinetics of vandetanib allow once-daily oral administration, and grade 3 or 4 toxicity is found in about 33% of patients (12) . The efficacy of vandetanib in medullary thyroid cancer is currently being evaluated in several phase II trials (13) . These trials use conventional tumor size criteria (World Health Organization or Response Evaluation Criteria in Solid Tumors (14) ), which are limited in assessing responses because cytostatic drugs might not, or might only slowly, induce tumor shrinkage. Thus, there is a need for more sensitive readouts of successful RET kinase inhibition.
Accelerated metabolism of glucose is a characteristic feature of most cancer cells, including MTC, and is caused by increased expression activity of glucose transporters (GLUTs) as well as various glycolytic enzymes (15) . Current literature data suggest that the activated RET protooncogene can modulate glucose metabolism via 5 pathways: PI3K (16) and PLCg (17) are physiologic mediators of insulin and increase glucose metabolism by upregulation of GLUT expression and hexokinase activity. Activated Src results in increased transcription of GLUT1 leading to an increase in cellular glucose uptake (18) . Increased Ras GTPase expression leads to increased glucose transport, mainly because of increased GLUT transcription (19, 20) . Finally, activation of STAT3 significantly induces GLUT expression and glucose uptake (21, 22) . This possible relationship between RET signaling and tumor metabolic activity is of clinical interest because tumor glucose metabolism can be assessed quantitatively and noninvasively by PET with the glucose analog 18 F-FDG. Several studies have indicated that 18 F-FDG uptake is increased in subgroups of metastatic MTC and that 18 F-FDG PET can be used for restaging of patients with rising tumor markers. Using this clinical experience and the experimental data discussed, we hypothesized that 18 F-FDG PET may be used to monitor treatment with the RET inhibitor vandetanib in patients with MTC.
In addition to 18 F-FDG PET, PET with radiolabeled 3,4-dihydroxy-L-phenylalanine (DOPA) has been successfully used for staging of MTC. DOPA is taken up by the L-type amino acid transport system and is then metabolized to dopamine by DOPA decarboxylase. PET with radiolabeled DOPA may thus represent an alternative approach for imaging the biologic consequences of vandetanib treatment in MTC. Finally, mutated RET has been shown to trigger cell proliferation and increase cellular thymidine uptake (23) . This process can be imaged clinically by PET with the thymidine analog fluorothymidine and may be another alternative for monitoring the effects of RET inhibition in MTC patients.
Thus, experimental and clinical data suggest that PET with radiolabeled 18 F-FDG, DOPA, or fluorothymidine may be used to assess response to vandetanib treatment in vivo. However, it is clear that glucose, DOPA, and thymidine metabolism are regulated by a complex network of several signaling pathways. To determine whether these metabolic processes are suitable for in vivo treatment monitoring, we systematically assessed the effects of vandetanib treatment on the transcription of transporters and enzymes involved in the metabolism of glucose, DOPA, and thymidine. We then studied the functional consequences of vandetanib treatment in vitro using radiolabeled 18 F-FDG, DOPA, and fluorothymidine. On the basis of these data, we selected 18 F-FDG for further in vivo testing.
We report that vandetanib treatment downregulates cyclin activity with a consecutive G 0 /G 1 arrest; that in vitro vandetanib treatment results in a decrease of glucose, DOPA, and thymidine metabolism; and that in vivo 18 F-FDG PET can assess response to vandetanib as early as 3 d after initiation. These results suggest that PET may be useful for identifying patients who respond to vandetanib early in the course of treatment.
MATERIALS AND METHODS

In Vitro Model
The human medullary thyroid cancer cell line TT (American Type Culture Collection) was established from an untreated 77-yold Caucasian woman. TT cells are a heterozygous carrier of a c634w (MEN2A-type) mutation in the cysteine-rich region of the extracellular domain of the RET gene. Cells were maintained in RPMI 1640 medium (Life Technologies, Inc.) supplemented with 16% fetal calf serum, penicillin (100 IU/mL), and streptomycin (10 mg/mL; Life Technologies, Inc.). Cells were grown at 37°C in an atmosphere of 5% CO 2 .
Viability Assay
The antiproliferative activity of vandetanib was measured using the ATPlite luminescence assay (Perkin-Elmer). Cells were plated in 384-well plates (3 · 10 3 cells in 50 mL of medium) using a Multidrop 384 (Thermo Fisher) and allowed to settle for 24 h. Serial 2· drug dilutions were prepared with a final volume of 60 mL and final concentrations ranging from 10 24 to 10 210 M. The diluted compounds were added using a 500-nL custom 384-well pin tool (V&P Scientific). Cells were incubated for 72 h at 37°C, 5% CO 2 , and then underwent an ATPlite assay to determine cell viability. The plates were measured on the Victor-3V using top read and an integration time of 0.5 s. The results are presented as percentage of cell viability, compared with the dimethyl sulfoxide (DMSO) control. Inhibitory concentration of 50% (IC 50 ) values were determined with curve-fitting analysis (nonlinear regression curve, sigmoidal dose-response), using an algorithm provided by Prism, version 5 (GraphPad Software).
Cell Cycle Analyses
Cells were plated in 6-well plates (1 · 10 5 cells in 1 mL of medium). On the basis of the IC 50 experiments, vandetanib at a final concentration of 5 mM was added after 24 h. For controls, vehicle (DMSO) without vandetanib was added. Cells were incubated at 37°C, 5% CO 2 . At varying time points (24, 48 , and 72 h), cells were trypsinized, washed, and resuspended in phosphatebuffered saline (PBS). Cell suspensions were stained with propidium iodide (Calbiochem) and RNase A (Sigma) in a hypotonic buffer. The DNA content was then analyzed by a FACScan flow cytometer (Becton Dickinson) using the CellQuest 3.1 software (Becton Dickinson) for acquisition and the ModFit LT 2.0 software (Verity) for analysis.
Growth Curve Analyses
Cells were plated in 6-well plates (Costar) at 1 · 10 5 per well. After 24 h, vandetanib at a final concentration of 5 mM was added. Control experiments were performed by adding vehicle (DMSO) without vandetanib. The number of viable cells was determined from triplicate wells after 24, 48, and 72 h by trypan blue exclusion using the Vi-Cell XR instrument (Beckman Coulter).
Microscopy
Serial TT images of the same cell populations with and without vandetanib treatment were obtained with an inverted microscope (TE2000S; Nikon), an automated x,y,z stage (Applied Scientific Instrumentation Inc.), 2 automated shutters (Vincent Associates), and a charge-coupled device camera (CascadeII; Photometrics).
RNA Extraction and Quality Control
TT cell cultures were treated with 5 mM vandetanib or vehicle in pentuplicate. After 72 h of treatment, cells were rinsed once with ice-cold PBS and lysed. Total RNA was isolated as previous described (24) . Samples were analyzed on both a spectrophotometer and a 2100 Bioanalyzer (Agilent Technologies). For each condition, 3 samples with 28S/18S ratios of more than 1.5 and no evidence of ribosomal peak degradation were included for DNA microarray hybridization.
DNA Microarray Probe Preparation and Hybridization
DNA microarray hybridization was performed in cooperation with the UCLA DNA Microarray Core. Total RNA purified from each sample was used to synthesize biotinylated complementary RNA (cRNA) for the Affymetrix GeneChip Array (Human Genome U133 Plus 2.0 oligonucleotide microarray). Therefore, 5 mg of total RNA were used to start cDNA synthesis using polydT-24 primer containing a T7 RNA promoter. Biotin-labeled cRNA was synthesized using an Affymetrix RNA transcription labeling kit. The labeled cRNA was purified with RNeasy Mini Kit spin columns (Qiagen). The cRNA then was hybridized for 16 h with the Human Genome U133 Plus 2.0 array, which interrogates 38,500 well-characterized human genes (Affymetrix GeneChip Technology). After hybridization, the chips were washed and stained with R-phycoerythrin-streptavidin, and the signal was amplified with antistreptavidin and scanned with a GeneChip Scanner 3000 (Affymetrix). The intensity of each feature of the array was captured with an Affymetrix GeneChip Operating System, according to standard Affymetrix procedures. The messenger RNA abundance was determined using the average of the differ-ences between perfect match and intentional mismatch intensities for each probe set using the Affymetrix Microarray Suite 5.0 (MAS 5.0; Affymetrix) algorithm.
Microarray Data Analysis
The cel files generated by the GeneChip Operating System and DChip software (Harvard School of Public Health) were used to inspect all array images for defects and quality as well as for data summarization, normalization, filtering, and statistical analysis.
Directed Data Analyses
First, baseline expression and transcriptional changes under vandetanib treatment in the TT cell model were analyzed: in the main pathways downstream of RET (Rac/Ras-related C3 botulinum toxin substrate, STAT3, Grb7 and Grb10, Src, PLCg, and Ras/Raf (8)), and the relevant transporters and intracellular enzymes in glucose (class I GLUTs (25) and glycolysis pathway), DOPA (LAT1 and LAT2 of the SLC7 family of amino acid transporters (26) ). For this analysis of a priori-defined transcripts, the t test was used to assess significant changes (P , 0.05) in expression under RET inhibition, whereas the Bonferroni adjustment was used in cases of multiple probes for 1 transcript.
Undirected Data Analyses
To identify further differentially expressed genes regulated by vandetanib treatment, the probe sets flagged absent were first filtered out. Differentially expressed probe sets were defined as those showing at least a 5-fold change in either direction with a statistically significant difference (t test, P , 0.05), compared with the control group. All fold changes derived from the parametric model are based on means. To identify biologically relevant groups of genes affected by the treatment with vandetanib, we performed gene functional annotation and cluster analysis using the Database for Annotation, Visualization and Integrated Discovery Bioinformatics Resources 2008 from the National Institute of Allergy and Infectious Disease.
Radiotracer Uptake Studies
Glucose uptake was measured using [1, [2] [3] 3 H-fluorothymidine, and 3 H-DOPA at 37 kBq/mL (1 mCi/mL) were added to each well. Glucose-free medium was used for 2DG uptake studies. Cells were incubated at 37°C for 60 min. Cells were then rinsed twice in icecold PBS and lysed with 0.1% sodium dodecyl sulfate. The cell lysates were collected, and scintillation fluid (ICN) was added to determine cell-associated 3 H radioactivity using a b-counter (5600; Packard). Radioactivity uptake values were normalized to the number of viable (trypan blue-negative) cells and expressed relative to untreated controls.
In Vivo Model
Severe combined immunodeficient (SCID/SCID) mice were purchased from The Jackson Laboratory. TT cells (1 · 10 6 /mouse) growing exponentially in culture were resuspended in PBS and Matrigel (BD Biosciences) and injected subcutaneously at the right shoulder of the animal. Experiments were performed when the tumor diameter had reached more than 5 mm 3 (;4 wk after tumor cell injection).
To assess the effect of vandetanib treatment on tumor growth, mice were paired according to the size of the TT cell xenograft and randomized into groups of 6 mice for intraperitoneal treatment either with vehicle or with vandetanib (250 mg/kg/d dissolved in PBS containing 0.5% v/v polysorbate 80). Tumor size was measured by calipers, and tumor volumes were calculated using the following equation: tumor volume 5 0.5 · (greatest diameter) · (shortest diameter) 2 . All animal manipulations were conducted with sterile techniques following the guidelines of the University of California at Los Angeles Animal Research Committee.
Histology and Mitotic Indices
Tumors of mice randomized for treatment and vehicle were excised after 7 d of treatment and fixed in 4% buffered formalin, processed, and embedded in paraffin. The tissue-embedded paraffin blocks were cut, and slides were stained with Harris' hematoxylin and eosin. The mitotic index was based on the most mitotically active areas. Five fields were counted, and the mean number of mitotic figures per 40· magnification fields determined.
In Vivo Small-Animal PET/CT Small-animal PET/CT scans were obtained in mice randomized for vandetanib treatment or vehicle using the microPET Focus 220 PET scanner (Siemens Preclinical Solutions) and MicroCAT II CT scanner (Siemens Preclinical Solutions). Mice were fasted for 12 h before 18 F-FDG injection and placed on a heating pad (30°C) starting at 30 min before 18 F-FDG injection. For tracer injection and imaging, mice were anesthetized using 1.5%-2% isoflurane. Mice were imaged in a chamber that minimized positioning errors between PET and CT to less than 1 mm. Imaging was started at 60 min after an intraperitoneal injection of 7.4 MBq (200 mCi) of 18 F-FDG. Image acquisition time was 10 min. Images were reconstructed by filtered backprojection, using a ramp filter with a cutoff frequency of 0.5 Nyquist. Image counts per pixel per second were calibrated to activity concentrations (Bq/mL) by measuring a 3.5-cm cylinder phantom filled with a known concentration of 18 F-FDG. Immediately after the PET scan, the mice underwent a 7-min micro-CT scan using routine image acquisition variables (70 kVp, 90 mAs, with 2-mm aluminum filters).
The AMIDE software was used to display PET and CT images and to define volumes of interest. The activity concentrations were expressed as percentage of the decay-corrected injected activity per gram of tissue. Spheric regions of interest (2-mm diameter) were placed on baseline and follow-up scans in the area of the tumor with the highest 18 F-FDG uptake. The mean standardized uptake value (SUV) was defined by the average pixel value within this volume of interest. Regions of interest were defined on fused PET/CT images generated by the AMIDE software to ensure reproducible positioning of the regions of interest.
Statistical Analyses
Discrete variables are summarized by counts and percentages, and continuous variables by their median and range, unless stated otherwise. Tumor sizes (mm) and SUVs (g/mL) were compared using the Kruskal-Wallis 1-way ANOVA. To exclude any bias from varying tumor volumes in the in vivo model, we additionally used a binary regression model to test the correlation between the continuous variable SUV changes and the binary variable vandetanib treatment, with the volume changes as cofactor. All P values were 2-sided, and P values of less than 0.05 were considered to be statistically significant. Data were analyzed using Statistica (version 6.0; Statsoft) software for Windows (Microsoft).
RESULTS
Vandetanib Downregulates Various Effector Pathways with Consecutive G 0 /G 1 Arrest
Vandetanib displayed a sigmoidal dose-response curve in the ATPlite luminescence assay with an IC 50 of 5.0 mM (Fig. 1C) . This concentration was subsequently used for all in vitro experiments, including the DNA microarray studies. In untreated TT cells, 26,338 of 54,613 probes (48.2%) were present, including the transcripts for all major pathways driven by RET (Fig. 1D) . Genome-wide screening revealed that vandetanib treatment resulted in significant transcriptional changes (.5-fold change, P , 0.05) in 103 genes, including 11 upregulated and 92 downregulated transcripts (Supplemental Fig. 1 ; supplemental materials are available online only at http://jnm.snmjournals.org). Functional annotations were available for 77 of these 92 downregulated transcripts, revealing the most significant changes in genes regulating cell cycle processes (27/77 genes, 35.1%, P 5 5.8E215). Specifically, vandetanib treatment resulted in significant downregulation of transcripts including STAT3, Grb7, and Grb10 as well as of genes involved in the Ras/Raf/MEK/MAPK pathway (MEK and MAPK1) and the PI3K/AKT pathway (Src homology 2 domain containing transforming protein 1, Src homology 2 domain containing transforming protein 2, Src homology 2 domain containing transforming protein 4, RAI1, IRS2, SOS1, SOS2, and GRB2; Fig. 1D) .
Furthermore, vandetanib treatment resulted in significant downregulation of cyclins active in the G 1 phase (cyclin D1), during G 1 -to S-phase transition (cyclin E2), during the S and G 2 phases (cyclin A1, cyclin A2), and during mitosis (cyclin B1, cyclin B2, Fig. 2A ). In contrast, no transcriptional changes were found for any cyclin-dependent kinases. In separate experiments we examined the effect of vandetanib on the cell cycle by flow cytometry. Compared with vehicle, vandetanib treatment effectively reduced the S-phase fraction as early as 24 h after the start of treatment, with a correlating increase of the G 0 /G 1 phase fraction. No increase in apoptosis was noted, suggesting cell cycle arrest in the G 0 /G 1 phase before entering the S phase (Fig. 2B) . Proliferation of TT cell cultures was assessed over 72 h in the presence or absence of vandetanib. Untreated TT cells displayed an exponential growth (r 2 5 0.90), with a doubling time of 122 h, whereas vandetanib induced a statistically significant treatment effect as early as 24 h after the start of treatment (P 5 0.029, Fig. 2C ). Furthermore, serial microscopy revealed phenotypic treatment effects on morphology in all cells (Fig. 2D) .
Vandetanib Treatment Results in Decrease of Glucose, DOPA, and Thymidine Metabolism
In untreated TT cells, only GLUT1 and GLUT3 of the class I GLUTs were expressed. In addition, transcripts were present also for class II (GLUT11) and class III (GLUT8 and GLUT12) GLUTs. Vandetanib treatment resulted in the transcriptional downregulation of class I GLUTs but not of any class II or class III GLUTs. Additionally, vandetanib treatment resulted in the downregulation of all genes involved in the glycolytic pathway, except glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate mutase 2, and pyruvate dehydrogenase beta. In accordance with the transcriptional changes, the functional assay revealed a significant reduction of 2DG uptake to 37.4% of the baseline uptake after 3 d of vandetanib treatment (P 5 0.002, Fig. 3A) .
At baseline, the TT cells expressed 2 members of the solute carrier family 7: LAT1 (SLC7A5 and SLC7A7) and LAT2 (SLC7A6 and SLC7A8). Vandetanib treatment induced a downregulation of the transcripts for both transporters. In contrast, vandetanib treatment resulted in upregulation of transcripts for the intracellular enzymes of DOPA metabolism, DDC, COMT, and monoamine oxidase A. On the functional level, a reduction in DOPA uptake to 28.8% of baseline was found after 72 h of vandetanib treatment (P 5 0.012, Fig. 3B) .
Transcripts for all members of the equilibrative nucleoside transporter family (SLC29A1, SLC29A2, SLC29A3, and SLC29A4) were present in the naïve TT cell line. After 72 h of vandetanib treatment, significant upregulation of SLC29A1, SLC29A2, and SLC29A3 was found. In contrast, vandetanib treatment was associated with downregulation of transcripts for the intracellular enzymes of thymidine metabolism: TK1, DTYMK, and NDPK. Parallel to the downregulation of these enzymes, a significant reduction in thymidine uptake to 28.7% of baseline appeared after 72 h of vandetanib treatment (P 5 0.012, Fig. 3C In naïve TT cell xenografts, microscopy demonstrated few necrotic lagoons (magnification, 2·) with a mitotic index of 15.0 6 6.4/40· field (magnification, 40·). In contrast, after 14 d of vandetanib treatment, extensive necrotic lagoons were found along with a significant (P 5 0.008) decrease of mitotic figures to 3.4 6 1.8/40· field (Fig. 3B) . 
Small-Animal PET Can Assess Response to Vandetanib Early in Course of Treatment
Because the gene expression data indicated that of the 3 metabolic pathways studied vandetanib treatment had the most robust effects on genes involved in glycolysis, we used 18 F-FDG PET to monitor the effects of vandetanib in vivo. Mice bearing TT cell xenografts were imaged before and at 3, 7, and 14 d after the start of intraperitoneal administration of vandetanib or vehicle alone (Fig. 5A) . Animals randomized to receive only vehicle displayed continually increasing tumoral 18 F-FDG uptake along with continually increasing tumor sizes. In contrast, in animals randomized for vandetanib, a continually decreasing tumoral 18 F-FDG uptake was found (Fig. 5B) . The decrease in 18 F-FDG uptake was significant already after 3 d (P 5 0.002), whereas significant changes in tumor size (P 5 0.008) were found only after 10 d of vandetanib treatment (Fig. 4A) . After 14 d of vandetanib treatment, the tumoral 18 F-FDG uptake had decreased to 66.1% 6 21.6%, compared with the baseline values, and 30.9% 6 10.1%, compared with the uptake in the control animals. Additionally, the binary regression model confirmed the changes in 18 F-FDG uptake as factors independent from changes in tumor volume (P , 0.001). This effect was reversible; after 7 d of discontinuation of vandetanib, the 18 F-FDG uptake increased to 88.9% 6 25.1% of the baseline uptake.
Clinical Case
A 43-y-old man with biopsy-proven metastasized medullary thyroid cancer was treated with 300 mg of vandetanib per day. In the week before as well as 12 and 24 wk after the start of treatment, he underwent standardized 18 F-FDG PET at the Nuclear Medicine Department, University Hospital Essen, Germany. Thereby, subsequent to fasting for at least 4 h, 300 MBq of 18 F-FDG were intravenously applied, and whole-body scanning was conducted after 60 min on a full-ring bismuth germanate-based PET tomograph (Siemens Molecular Imaging). Glucose levels were within the reference range at each scanning time point (84, 92, and 98 mg/dL). The maximum SUV was measured in 10 reference lesions at the baseline scan and at each follow-up scan. The SUV dropped from 8.1 6 1.5 at baseline to 4.0 6 1.3 after 12 wk and 3.4 6 1.2 after 24 wk of treatment (Fig. 6) .
DISCUSSION
In the studied TT cells, vandetanib treatment causes a G 0 /G 1 arrest and the downregulation of key genes in the glycolysis pathway. As a result, vandetanib treatment results in a reduction of deoxyglucose uptake, both in vitro and in vivo. If these findings are confirmed in clinical studies, 18 F-FDG PET could be used to predict tumor response to vandetanib treatment early during the course of therapy.
Cytostatic Effects of Vandetanib
The rationale for selective targeting of RET is based on its key role for triggering cell cycle progression through its complex signaling network. In our medullary thyroid cancer in vitro model, vandetanib displayed an IC 50 of 5.0 mM, which is within the range of patients' plasma concentra- tions after oral administration (28) . At this concentration, vandetanib treatment resulted in the transcriptional downregulation of various effector pathways in TT cells, especially the Rac, STAT3, and Grb7 and Grb10 pathways. Furthermore, interruption of RET signaling through the downstream pathways effectively resulted in the downregulation of cyclin expression and prevented cell proliferation.
Metabolic Effects of Vandetanib
Consistent with our hypothesis, vandetanib also significantly affected the metabolic profile after only 3 d of treatment. Gene expression profiling revealed transcriptional downregulation of key genes in glucose, DOPA, and thymidine metabolism. Among the RET-dependent pathways, transcriptional downregulation was mainly found in members of the Grb7 and Grb10 and STAT3 pathways. Grb10 has previously been implicated in the regulation of insulin receptor signaling (29) . Overexpression of Grb10 in L6 myocytes and 3T3-L1 adipocytes has been shown to enhance insulin-induced glucose transport, glycogen synthesis, and lipogenesis, whereas expression of dominantnegative constructs, particularly the Grb10 SH2 domain, inhibited the insulin response (30) . Interestingly, the Grb7/10/14 family was initially discovered through their binding to autophosphorylated epidermal growth factor receptors (EGFRs) (29) , suggesting a potential role of the Grb7 and Grb10 pathways also in the modulation of 18 F-FDG uptake found after EGFR inhibition (31) . Similarly, also interleukin-induced activation of STAT3 has been shown to be essential for the expression of GLUTs, glucose uptake, and activation of the glycolytic pathway (21). Conversely, STAT3 inhibitors have been shown to block GLUT2 expression and 2DG uptake (22) . Consistent with these observations, we found decreasing tumoral 18 F-FDG uptake after vandetanib-dependent downregulation of STAT3 and the Grb7 and Grb10 pathways.
In this study, the glycolytic pathway was the only metabolic pathway with downregulation of both transporters as well as intracellular enzymes. Furthermore, 18 F-FDG has the best clinical availability and established value in medullary thyroid cancer imaging (32); therefore, it was selected for the in vivo imaging studies. In these in vivo studies, 18 F- FDG PET was able to reproduce the in vitro findings after only 3 d of vandetanib treatment. Importantly, the observed decrease in 18 F-FDG uptake after 3 d of treatment is not explained by cell death because there was no increase in apoptotic cells in vitro at this time and no decrease in tumor size in vivo. These results are consistent with clinical trials, in which tumor shrinkage in response to vandetanib has been rare, even when patient survival was significantly improved (12) .
Early Prediction of Treatment Response with Cytostatic Drugs
The ability to predict tumor response early in the course of therapy offers the opportunity to intensify treatment in patients who are likely to respond to therapy. Conversely, treatment can be modified in patients who are unlikely to respond.
In a recent phase II clinical trial, the disease control rate, defined as complete response, partial response, or stable disease by morphologic CT criteria (Response Evaluation Criteria in Solid Tumors), was similar in the arm receiving vandetanib versus the control arm (57% vs. 58%). In contrast, the vandetanib arm had a significantly longer progression-free survival (hazard ratio, 0.76) (12) . These results demonstrate the poor prognostic value of morphologic responses to vandetanib treatment. 18 F-FDG PET has been validated as an early indicator of therapeutic responses in lymphoma (33) and a variety of solid tumors, such as gastrointestinal stromal tumors (GIST), soft-tissue sarcomas (34) , ovarian cancer (35) , small cell lung cancer (36) , and adenocarcinoma of the oesophagogastric junction (37) . In GIST tumors responding to the tyrosine kinase inhibitor imatinib (Gleevec), 18 F-FDG PET detects changes in tumor metabolism as early as 8 d after treatment initiation (38) . Furthermore, 18 F-FDG PET predicts response as early as after 4 wk of therapy with the multitargeted tyrosine kinase inhibitor sunitinib in GIST (39) . Vandetanib is a multitargeted tyrosine kinase inhibitor against EGFR, vascular endothelial growth factor receptor, and RET. RET activation is the main oncogenic event in medullary thyroid cancer (40) . However, activity of other receptor tyrosine kinases, including vascular endothelial growth factor receptor and EGFR, are likely to contribute to tumor growth. Accordingly, 18 F-FDG PET represents readout of these combined effects of vandetanib treatment. The changes in the metabolic profile under vandetanib treatment found in this study provide a strong rationale to evaluate 18 F-FDG PET for the prediction of tumor response to RET kinase inhibitors in clinical trials.
CONCLUSION
A variety of novel approaches that target RET directly or indirectly have recently emerged, and an increasing number are currently being assessed in clinical trials (40) . Additionally, a variety of alternative small-molecule inhibitors are currently being evaluated (13) . With the increasing number of available treatment options, careful patient selection is necessary to ensure targeted therapy is administered to those most likely to gain clinical benefit. Therefore, the identification of surrogate markers of treatment efficacy is a key factor for the success of these novel treatment approaches. If validated in clinical trials, metabolic imaging may significantly affect selection and response readout of RET inhibition therapy. 
